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a b s t r a c t
Two dsRNA segments, the replicative forms of two ssRNA viruses of SsHV2/SX247 (Sclerotinia
sclerotiorum hypovirus 2) and SsDRV/SX247 (Sclerotinia sclerotiorum debilitation-associated RNA virus),
were isolated from the hypovirulent strain SX247 of Sclerotinia sclerotiorum. SsDRV/SX247 has the
highest similarities (81% aa identity) with the previously reported virus SsDRV/Ep-1PN. The genome of
SsHV2/SX247 is 15,219 bp in length with a poly-A tail, and it has only one large putative open reading
frame (ORF) that encodes a polyprotein containing RNA-dependent RNA polymerase (RdRp) and viral
RNA helicase domains. The RdRp domain shares amino acid similarity with that of CHV1 (23%). However,
the genome organization of SsHV2/SX247 is signiﬁcantly different from that of CHV1 on genomic size
and ORFs. We conclude that SsDRV/SX247 is a novel strain in species SsDRV of genus Sclerodarnavirus,
whereas SsHV2/SX247 is a representative member of new proposed lineage Gammahypovirus in the
family Hypoviridae and confers hypovirulence in its host.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Sclerotinia sclerotiorum (Lib.) de Bary is an ascomycetous plant
pathogenic fungus with worldwide distribution. This pathogen
attacks more than 400 species of plant hosts including rapeseed
(Brassica napus), soybean, sunﬂower and numerous vegetable
crops (Boland and Hall, 1994), and is responsible for a signiﬁcant
yield loss of these corps (Bolton et al., 2006). Because it is difﬁcult
to control diseases caused by this pathogen via cultural practices,
the control of diseases caused by S. sclerotiorum mainly relies on
the application of fungicides. However, fungicide sprays often
exhibit an associated risk of developing fungicide-resistant fun-
gal isolates (Ma et al., 2009; Gossen et al. 2001; Kuang et al.,
2011) and may pose potential negative impacts on both environ-
mental safety and food safety. The hypovirulence-associated
mycoviruses have potential for exploitation as alternative biolo-
gical control agents. Furthermore, the mycovirus/S. sclerotiorum
system may be exploited to identify new virulence factors of
S. sclerotiorum (Li et al. 2008; Zhu et al., 2013). Because different
types of viruses vary implications strategy, host range, stability,
impact on host virulence, selection of appropriate viruses is
essential for virocontrol. Furthermore, identiﬁcations of new
viruses from S. sclerotiorum will offer new insights into imple-
mentation of virocontrol of S. sclerotiorum (Xie and Jiang, 2014).
Since hypovirulence and dsRNA elements in S. sclerotiorum were
ﬁrstly reported in 1990s (Boland, 1992), eleven viruses (seven
viruses associated hypovirulence from unclassiﬁed ssDNA virus,
Sclerodarnavirus, Hypovirus, and Mitovirus), including ssRNA
viruses, dsRNA viruses, and ssDNA viruses in S. sclerotiorum, have
been detected and characterized at molecular level (Yu et al.,
2010; Jiang et al., 2013; Khalifa and Pearson, 2013; Xiao et al.,
2014; Xie and Jiang, 2014). Thus, the host fungus, S. sclerotiorum,
provides an excellent system for the exploration of virus-host
interactions.
The family Hypoviridae contains a single genus of Hypovirus and
four recognized virus species isolated from Cryphonectria parasitica
have been identiﬁed as belonging to the genus Hypovirus: CHV1
(Cryphonectria hypovirus 1) (Hillman et al., 1990, 1995), CHV2 (Hillman
et al., 1992, 1994), CHV3 (Smart et al., 1999), and CHV4 (Linder-Basso
et al., 2005). However, the impact of these four virus species on the
biological features of C. parasitica and their genome features are varied.
CHV1/EP713 or CHV2/NB58-infected strains of C. parasitica exhibit
markedly reduced virulence to chestnut trees, and the infections
results in female sterility of the fungus (Hillman et al., 1990).
Furthermore, the impact of CHV1/EP713 on C. parasitica was directly
conﬁrmed following artiﬁcial transfection (Chen et al., 1994; Sasaki et
al., 2002). The hypoviruses CHV3/GH2 and CHV4/SR2 have a limited
effect on their host (Smart et al., 1999; Linder-Basso et al., 2005). CHV1,
which has a positive strand RNA genome and two ORFs, is the typical
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species of the current genus and is the ﬁrst species of the genus
Hypovirus for which full-length genome sequence of a representative
strain were reported. CHV1/EP713 has become the subject of the most
intensive research of any ﬁlamentous fungal virus (Hillman and
Suzuki, 2004; Dawe and Nuss, 2013). To date, hypoviruses have been
isolated and characterized from four other phytopathogenic fungi: S.
sclerotiorum (Sclerotinia sclerotiorum hypovirus 1, SsHV1) (Xie et al.,
2011), Valsa ceratosperma (Valsa ceratosperma hypovirus 1, VcHV1)
(Yaegashi et al., 2012), Fusarium graminearum (Fusarium graminearum
hypovirus 1, FgHV1) (Wang et al., 2013), and Phomopsis longicolla
(Phomopsis longicolla hypovirus 1, PlHV1) (Koloniuk et al., 2014). It is
noteworthy that these four novel hypoviruses are associated with
latent infections in their natural hosts. Recently, Yaegashi et al. (2012)
proposed that the family Hypoviridae contains two lineages “Alphahy-
povirus” and “Betahypovirus”. A phylogenetic analysis and a review of
their genome features revealed that CHV3, CHV4, VcHV1, SsHV1, and
PlHV1 may be assigned to “Betahypovirus” lineage, whereas CHV1,
CHV2, and FgHV1 belong to the “Alphahypovirus” lineage.
We previously reported two positive strand RNA viruses SsHV1
and SsDRV (Sclerotinia sclerotiorum debilitation-associated RNA
virus) in S. sclerotiorum. SsHV1 is closely related to hypoviruses
3 and 4 in family Hypoviridae and confers strong hypovirulence
that correlated with co-infection with sat-like RNA of SsHV1. In the
absence of sat-like RNA, the SsHV1-infected strain displayed dark
brown colony coloration, but had a mild effect on growth and
virulence of S. sclerotiorum (Xie et al. 2011). SsDRV was the ﬁrst
well-characterized virus at the molecular level in S. sclerotiorum.
Genomic RNA of SsDRV/Ep-1PN contains only a single ORF that
codes a putative RNA replicase that contains methyltransferase,
helicase and RNA-dependent RNA polymerase (RdRp) domains
(Xie et al., 2006). A new genus Sclerodarnavirus was established in
family Alphaﬂexividae based on the characteristics of SsDRV
(Adams et al., 2011). SsDRV is associated with hypovirulence of
strain Ep-1PN (Li et al., 1999; Xie et al., 2006).
In this study, the hypovirulent strain SX247 was co-infected with
SsDRV/SX247 (Sclerotinia sclerotiorum debilitation-associated RNA
virus) and SsHV2/SX247 (Sclerotinia sclerotiorum hypovirus 2).
SsDRV/SX247 has high sequence identity (81%) with the previously
reported positive strand RNA virus SsDRV. SsHV2/SX247 shares the
highest sequence identity with CHV1. We also found that the genome
organization and molecular features of SsHV2/SX247 are unique and
have signiﬁcant difference from those of the previously reported
members of the family Hypoviridae. It is more important that SsHV2/
SX247 confers hypovirulence to S. sclerotiorum. Thus, the character-
ization of SsHV2/SX247 will be valuable for understanding its role in
pathogenesis, for determining its potential as a virocontrol agent and
exploiting the ecological diversity, and for the analysis of the
evolution of viruses from family Hypoviridae.
Results
Two dsRNA segments isolated from hypovirulent strain SX247
Compared to the virus-free strain Ep-1PNA367, strain SX247
showed abnormal colony morphology (Fig. 1A). Strain SX247 grew
on potato dextrose agar (PDA) at a rate of 0.9 cm/day, which is 60%
slower than the growth of strain Ep-1PNA367 (2.35 cm/day)
Fig. 1. Hypovirulence-associated traits of strain SX247 of S. sclerotiorum and dsRNA extraction. (A) Abnormal colony morphology of strain SX247 grown on a PDA plate at
20 1C for 15 days and normal colony morphology of the virus-free strain Ep-1PNA367; and (B) compared to the virus-free strain Ep-1PNA367, strain SX247 grew slowly on a
PDA plate. The bars represent the standard deviations from the mean (n¼6). The asterisk on top of the bars in C indicates that the differences are statistically signiﬁcant
(Po0.05). (C) Hypovirulence phenotype of strain SX247 as demonstrated by infected leaves of rapeseed plants, which were maintained at 20 1C for 3 days post-inoculation;
and (D) dsRNA proﬁle of samples extracted from strain SX247 and Ep-1PNA367 of S. sclerotiorum. All samples were treated with DNase I and S1 nuclease. DNA ladder
standards (left, M) are indicated as kilobase pairs (kb).
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(Fig. 1B). In addition, strain SX247 did not produce sclerotia, even
after 30 days of development. In contrast, strain Ep-1PNA367
initiated sclerotial production within 3–4 days under the same
conditions. Moreover, the virulence assay on detached leaves of
rapeseed plant revealed that strain SX247 had lost its capability to
infect its host (Fig. 1C). Hence, strain SX247 is a hypovirulent strain
of S. sclerotiorum.
Extracts of dsRNA from mycelia of strain SX247 and virus-free
strain Ep-1PNA367 were treated with DNase I and S1 nuclease,
and then subjected to agarose gel electrophoresis. Two distinct
dsRNA segments (L-dsRNA and S-dsRNA) were observed in strain
SX247, whereas the virus-free strain Ep-1PNA367 did not show
any dsRNA segments (Fig. 1D). The two distinct dsRNA segments of
strain SX247 were isolated separately, and used as templates for
cDNA synthesis, followed by PCR, and molecular cloning.
Nucleotide sequence, genome organization and genetic analysis of
virus SsHV2/SX247
cDNA of the L-dsRNA segment was synthesized using tagged
random primers, and the random dscDNA products were then
ampliﬁed using the single speciﬁc primer PdN6. More than ten
random cDNA clones were obtained and sequenced in both
orientations. Six of these were shown to be of viral origin with
Fig. 3. Genetic organization and phylogenetic analysis of virus SsDRV/SX247. (A) Schematic representation of the genomic organization of virus SsDRV/SX247. The three
conserved domains of methyltransferase, RdRp and helicase were highlighted by black color shading. (B) Phylogenetic analysis of SsDRV/SX247 and selected RNA viruses
from the family Alphaﬂexiviridae based on a NJ tree inferred from the RdRp domain. The bootstrap values (%) obtained with 1000 replicates is indicated on the branches. The
accession number is followed by the acronym of the virus names. The tree is rooted with Botrytis virus F (BotV-F, genusMycoﬂexivirus, family Gammaﬂexiviridae). The viruses
include Indian citrus ringspot virus (ICRSV), Lolium latent virus (LoLV), Botrytis virus X (BotV-X), Garlic virus A (GarV-A), Shallot virus X (ShVX), Garlic virus E (GarV-E), Garlic
virus C (GarV-C), Potato virus X (PVX), Schlumbergera virus X (SchVX), Papaya mosaic virus (PapMV), Cassava common mosaic virus (CsCMV), Sclerotinia sclerotiorum
debilitation-associated RNA virus Ep-1PN (SsDRV/Ep-1PN), and Sclerotinia sclerotiorum debilitation-associated RNA virus SX247 (SsDRV/SX247).
Fig. 2. Genetic organization, phylogenetic analysis, and amino acid sequence alignment of the virus SsHV2/SX247. (A) Schematic representation of the genomic organization
of the virus SsHV2/SX247. The open reading frame (468–14,567 nt) encodes a putative viral protein containing three conserved domains, which are highlighted by black
color shading: papain-like protease (Prot, 1112–1415), RNA-dependent RNA polymerase (RdRp, 10,111–11,106 nt) and helicase (12,581–13,010 nt). 50-untranslated region
(UTR, 1–467 nt) and 30–UTR (14,565–15,219 nt) are indicated as a line. AUG (468–470 nt) denotes the initiation codon and UGA (14,565–14,567 nt) denotes the stop codon.
(B) Multiple alignment of amino the acid sequences of the putative Prot, RdRp and helicase domains of SsHV2/SX247 and those of selected viruses in the family of
Hypoviridae. Identical residues are shaded; asterisks, colons and dots indicate conserved amino acid residues and semi-conserved amino acid residues, respectively. The
numbers in square brackets correspond to the number of amino acid residues separating the motifs. (C) Phylogenetic analysis of the conserved motifs and ﬂanking sequences
of Prot, RdRp and helicase derived from the aligned deduced amino acid sequences and ployprotein of SsHV2/SX247 and selected viruses. The unrooted phylogenetic tree
was constructed using the neighbor-joining method based on the amino acid sequence alignments. (D) Phylogenetic analysis of SsHV2 and selected viruses based on full-
length amino acid sequences of viral polyproteins. All approved and probable hypoviruses were placed three lineages (Alphahypovirus, Betahypovirus and Gammahypovirus)
based on phylogenetic analysis of hypovirus polyproteins. The bootstrap values (%) obtained with 1000 replicates is indicated on the branches, and branch lengths
correspond to the genetic distances. The scale bar at upper left corresponds to a genetic distance of 0.2 or 0.1. Viruses (acronym, strain, GenBank accession) include
Cryphonectria hypovirus 1 (CHV1, EP713, NP_041091.1), Cryphonectria hypovirus 2 (CHV2, NB58, NP_613266.1), Cryphonectria hypovirus 3 (CHV3, GH2, NP_051710.1),
Cryphonectria hypovirus 4 (CHV4, SR2, YP_138519.1), Cryphonectria hypovirus 1 ORF A (CHV1-A, EP713 NP_041090), Cryphonectria hypovirus 1 ORF B (CHV1-B, EP713,
NP_041091), Sclerotinia sclerotiorum hypovirus 1 (SsHV1, SZ-150, AEL99352.1), Sclerotinia sclerotiorum hypovirus 2 (SsHV2, SX247, AIA61616.1), Fusarium graminearum
hypovirus 1 (FgHV1, HN10, AAT07067.2), Valsa ceratosperma hypovirus 1 (VcHV1, MVC86, BAM08994.1), Phomopsis longicolla hypovirus 1 (PlHV1, ME711, KF537784), and
Fusarium graminearum virus 1 (FgV1, DK21, AAT07067.2). Plum pox virus (PPV; NP_040807) was used as an out-group.
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sequence identity (23–28%) to ORFB of CHV1/EP713. The full-
length cDNA sequence of the L-dsRNA segment was determined by
assembling sequences of randomly primed cDNA, RT-PCR, and
RACE clones (more than 50 clones in total). Full-length sequence of
L-dsRNA was further conﬁrmed by RT-PCR with speciﬁc primers,
and each nucleotide of full-length cDNA obtained was sequenced
with a minimum of three times. The full-length cDNA of L-dsRNA
is 15,219 nts long excluding the poly(A) tail. The genetic organiza-
tion is shown in Fig. 2A. Sequence analyses indicate that a single
large putative ORF beginning at AUG (nt position 468–470) and
terminating at UGA (nt position 14,565–14,567) was identiﬁed on
the positive strand of the L-dsRNA cDNA. The ORF was predicted to
encode a 4699-aa polyprotein with a molecular mass of approxi-
mately 531 kDa. The deduced polyprotein sequence contains three
conserved domains of papain-like protease (Prot), RNA-dependent
RNA polymerase (RdRp) and viral RNA helicase (Helicase) (Fig. 2A).
The Prot domain is located near the N-terminus of the polyprotein
encoded by L-dsRNA, whereas Helicase domain occurs near the
C-terminus. RdRp domain of superfamily 1 is localized upstream
from the Hel domain. No other putative conserved domains were
detected on the negative or positive strand of L-dsRNA. A homol-
ogy analysis based on this predicted protein revealed that it has
sequence identities to the polyprotein of CHV1, CHV2, and FgHV1,
which belong to the proposed genus Alphahypovirus. Thus, the
L-dsRNA segment represents the replicative form of a positive
strand RNA viral genome and was tentatively named Sclerotinia
sclerotiorum hypovirus 2 (SsHV2/SX247) based on the ICTV rules
of nomenclature. The full sequence of SsHV2/SX247 was deposited
in GenBank under accession number KJ561218.
To determine the phylogenetic relationship between SsHV2/
SX247 and other hypoviruses, multiple alignment of the three
conserved domains (Prot, RdRp and Helicase) of hypoviruses were
analyzed, and four phylogenetic trees were constructed. A typical
Prot domain with conserved predicted autoproteolytic catalytic
site (at position Cys226 and His281) and a putative polyprotein
cleavage site (at position Gly316) was detected in the polyprotein
encoded by SsHV2/SX247 based on sequence alignment with other
hypoviruses (Fig. 2B). Phylogenetic analysis of Prot domain places
SsHV2 within the family Hypoviridae (Fig. 2C). Similar to the RdRp
domain of other hypoviruses, all eight conserved motifs of the
RdRp domain were also found in SsHV2/SX247 (Fig. 2B). The RdRp
encoded by SsHV2/SX247 is closely related to the RdRps encoded
by CHV1 and CHV2 with 23% and 22% amino acid sequence
identity, respectively. The phylogenetic tree based on the RdRp
Fig. 4. Protoplast regenerants of strain SX247 and their hypovirulence-associated traits. Colony morphology (A), virulence (B), and growth rate (C) of hypovirulent strain
SX247 and its protoplast derivatives. (D) Detection of viruses SsHV2/SX247 and SsDRV/SX247 in individual isolates using the dsRNA extraction and RT-PCR methods. The
actin gene was used as an internal control. The predicted lengths of the RT-PCR products from SsHV2/SX247 and SsDRV/SX247 are 1137 and 564 nts, respectively. dpi, days
post-inoculation.
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domain further supports the conclusion that, although, SsHV2 is
closely related to hypoviruses in the proposed Alphahypovirus,
SsHV2/SX247 forms an independent branch (Fig. 2C). Multiple
alignments of the helicase domain revealed that SsHV2/SX247
contains a conserved helicase domain with three characteristic
motifs, namely a GKST box, DExH box and QRxGR box, which is
consistent with previous reports on other hypoviruses (Fig. 2B).
The helicase domain in SsHV2/SX247 has 27% amino acid sequence
identity with that of CHV1 and CHV2, and 26% identity to that of
FgHV1. Although the phylogenetic tree of the helicase domain
supported that SsHV2 is closely related to members of the
proposed genus Alphahypovirus, SsHV2 formed an independent
branch (Fig. 2C).
Phylogenetic analyses were also performed based on complete
amino acid sequences of hypoviruses. The results showed that
SsHV2 is most closely related to viruses in genus Alphahypovirus,
but it constituted a distinct subclade (Fig. 2D), which was con-
sistent with phylogenetic analysis based on both conserved
domains (RdRp and Helicase) of SsHV2. SsHV2 has signiﬁcant
differences from previously reported hypoviruses in genome
organization and phylogenetic relationship. Therefore, we propose
to establish a new genus Gammahypovirus in the family Hypoviridae
with SsHV2 as a prototype.
Nucleotide sequence, genome organization and phylogenetic analysis
of virus SsDRV/SX247
The full-length cDNA sequence of S-dsRNA was determined and
the sequence was deposited in GenBank under accession number
KJ561219. S-dsRNA contains 5493 nt excluding the poly(A) tail
(Fig. 3A). The full-length cDNA of S-dsRNA has a single ORF
beginning at AUG (nt positions 158–160) and terminating at UAG
(nt positions 5260–5262) and encodes a putative polyprotein with
high amino acid sequence identity (81%) to the previously reported
positive strand RNA virus SsDRV/Ep-1PN (Xie et al., 2006). Accord-
ing to the ICTV 9th report, distinct species of family Alphaﬂexiviridae
Fig. 5. Transmission of hypovirulence and its associated traits of strain SX247. (A) Colony morphology of derivatives of the hygromycin-resistant strain Ep-1PNA367 after
dual culturing with hypovirulent strain SX247. All new derivatives show hypovirulence on detached rapeseed leaves (B) and have lower growth rate (C). (D) The virus content
of individual isolates was detected by RT-PCR and dsRNA extraction. (E) Microsatellite markers were ampliﬁed using three primers. Primer 1 (50-GCTCCTGTATACCATGTCTTG-
30; 50-GGACTTTCGGACATGATGAT-30), primer 2 (50-TGCATCTCGATGCTTGAATC-30; 50-CCTGCAGGGAGAAACATCAC-30), and primer 3 (50-ATCCCTAACATCCCTAACGC-30;
50-GGAGAATTGAAGAATTGAATGC-30) were screened from previously reported primers (Sirjusingh and Kohn, 2001). Lane M, DNA ladder standards (Takara, Dalian, China);
Lanes 1 and 2 represent the microsatellite ampliﬁcation results of strain Ep-1PNA367 and Ep-1PNA367R; Lanes 4 to 7 represent the microsatellite ampliﬁcation results of
strain T5, T10, T15 and T16, respectively. Lane 3 (white arrow) represents the microsatellite ampliﬁcation result of strain SX247.
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should show less than 80% identity (Adams et al., 2011). Thus, the
S-dsRNA segment represents a new strain of SsDRV and tentatively
named as Sclerotinia sclerotiorum debilitation-associated RNA virus
strain SX247 (SsDRV/SX247). Domains associated with methyltrans-
ferase, RNA helicase, and RdRp were highly conserved between
SsDRV/SX247 and SsDRV/Ep-1PN. A Phylogenetic analysis based on
RdRp domain further supports the conclusion that SsDRV/SX247 is
the most closely related to SsDRV (Fig. 3B). Thus, SsDRV/SX247 is a
novel virus strain of SsDRV in the genus Sclerodarnavirus of family
Alphaﬂexiviridae.
SsHV2/SX247 confers hypovirulence even if SsDRV/SX247 is absent
from isolates of S. sclerotiorum
To determine the causal role of SsHV2/SX247 and/or SsDRV/
SX247 in the hypovirulence phenotype of strain SX247, 14 colonies
derived from protoplast-regenerants of strain SX247 were selected
for further studies. One of the 14 protoplast-regenerant isolates
(such as P22) contains two viruses of SsHV2/SX247 and SsDRV/
SX247, and 13 of the 14 protoplast-regenerant isolates (such as P57
and P59) contain only SsHV2/SX247 (Fig. 4). However, isolates
containing SsDRV/SX247 alone and virus-free isolates were not
obtained from the 207 protoplast-regenerants. These results were
conﬁrmed by the technique of dsRNA extraction and RT-PCR
(Fig. 4D). The virulence assay revealed that all new isolates
exhibited hypovirulence traits regardless of whether the isolates
are infected with SsHV2/SX247 alone or with a mixture
SsHV2/SX247-SsDRV/SX247 (Fig. 4B). Thus, SsDRV/SX247 is easier
to eliminate via protoplast regeneration, whereas SsHV2/SX247 is
stable in strain SX247.
To further conﬁrm whether SsHV2/SX247 and/or SsDRV/SX247 is
the determinant of hypovirulence in strain SX247, transmission assays
of the hypovirulence traits were conducted between strain SX247 and
Ep-1PNA367R via dual culture methods in the same PDA plates. 17
isolates were obtained from the margin of strain Ep-1PNA367R and
subcultured on fresh PDA containing hygromycin. The results of the
RT-PCR and dsRNA extraction suggest that most of the new isolates
(such as T5 and T10) (82.4%) only contain SsHV2/SX247 and that a few
of the new isolates (such as T15 and T16) (11.8%) contain both SsHV2/
SX247 and SsDRV/SX247 (Fig. 5). However, no isolates were obtained
that are infected with SsDRV/SX247 alone. The analysis of the
biological features of the new isolates showed that all were similar
in morphology and virulence to strain SX247. This result reveals
that the hypovirulence-associated traits (abnormal colony morphol-
ogy, slow growth, and low virulence) and SsHV2/SX247 are co-
transmitted from strain SX247 to the virus-free strain Ep-1PNA367R
(Fig. 5). Moreover, the result of microsatellite marker ampliﬁcation of S.
sclerotiorum conﬁrmed that all new virus-infected isolates are mono-
karyon and the possibility of heterokaryons was eliminated in
horizontal transmission assay (Fig. 5E). Combined with the above
described data about protoplast-regeneration isolates, we conclude
that SsHV2/SX247 confers hypovirulence to S. sclerotiorum and that
SsHV2/SX247 is easier to transmit between different isolates of
S. sclerotiorum than SsDRV/SX247.
Discussion
In the present study, we described the molecular and biological
properties of two RNA viruses (SsHV2/SX247 and SsDRV/SX247)
co-infecting the hypovirulent strain SX247 of S. sclerotiorum.
SsHV2/SX247 was found to be most closely related to members
of family Hypoviridae; it shares 23% amino acid sequence identity.
SsDRV/SX247, on the other hand, shares high amino acid sequence
identity (81%) to the previously reported virus SsDRV/Ep-1PN,
which infects a hypovirulent strain Ep-1PN of S. sclerotiorum, and
represents a member of the genus Sclerodarnavirus in the family
Alphaﬂexiviridae (Xie et al., 2006). Members of Hypoviridae only
infect ﬁlamentous fungi, whereas members of Alphaﬂexiviridae
were discovered in both plant and plant pathogenic fungi. Both
viruses have positive strand RNA genomes (Adams et al., 2011;
Nuss and Hillman, 2011). Thus, two linear dsRNA genetic elements
isolated from the hypovirulent strain SX247 represent the repli-
cative forms of two positive strand RNA viruses, SsHV2/SX247 and
SsDRV/SX247.
We became recently aware that the full-length genomic sequence
of SsHV2/5472, another SsHV2 strain from S. sclerotiorum, was recently
submitted to NCBI database with the accession number KF525367.
SsHV2/5472 was isolated from a New Zealand strain 5472 of
S. sclerotiorum. Sequence analysis revealed that SsHV2/SX247 shares
86.7% and 92.67% identity with SsHV2/5472 in terms of their nucleo-
tide and amino acid sequences, respectively. The genome organization
of SsHV2/5472 is similar to that of SsHV2/SX247. Thus, SsHV2/SX247
and SsHV2/5472 can be considered as different strains, belonging to
the same species (Sclerotinia sclerotiorum hypovirus 2).
Strain SX247 is a hypovirulent strain. Besides, strain SX247 exhibits
slower growth rate, no sclerotial production and abnormal colony
morphology. It is more important that the SsHV2-infected strains
show severe virulence attenuation when SsHV2/SX247 are inoculated
on the leaves of rapeseed plant. Our present study provides two
lines of experimental evidence that support the conclusion
that SsHV2/SX247 is responsible for hypovirulence of S. sclerotiorum.
Firstly, SsHV2/SX247 was horizontally and successfully transmitted
from strain SX247 to the virus-free virulent strain Ep-1PNA367R of
S. sclerotiorum, and the newly infected SsHV2/SX247 isolates were
converted to hypovirulent strains, even though SsDRV/SX247 was
absent. The second line of evidencewas obtained from the preparation
of protoplasts from strain SX247. Most subcultures of protoplast
regenerates containing SsHV2/SX247 but lacking SsDRV/SX247
showed hypovirulence traits. Moreover, our results from viral trans-
mission and protoplast preparation experiments also revealed that
SsHV2/SX247 is easier to transmit between different S. sclerotiorum
strains and is more stable in cell of S. sclerotiorum than SsDRV/SX247.
Unfortunately, in the present study, we did not directly conﬁrm that
SsHV2/SX247 is the causal agent of hypovirulence via transfection
assays using the synthetic cDNA transcripts or transformation with
infectious viral cDNA clones of SsHV2/SX247. These two methods have
been previously successfully applied in the case of CHV1/C. parasitica
system to ascertain the determinant role of CHV1 in the hypovirulence
of C. parasitica (Chen et al., 1994; Choi and Nuss, 1992; Lin et al., 2007;
Dawe and Nuss, 2013).
SsHV2 is the second hypovirus isolated from S. sclerotiorum.
Currently, ﬁve new hypoviruses (SsHV1, SsHV2, VcHV1, FgHV1, and
PlHV1), which have not yet to be assigned by ICTV to new genera
in the family Hypoviridae, have been detected from four different
ﬁlamentous fungi. On the other hand, the currently approved four
species in the genus Hypovirus were isolated from C. parasitica
(Dawe and Nuss, 2013; Wang et al., 2013; Koloniuk et al., 2014).
The interaction between these nine hypoviruses and their hosts is
complicated. SsHV2/SX247, CHV1 and CHV2 confer hypovirulence
to their hosts, whereas other hypoviruses exhibit latent infection.
Moreover, although FgHV1/HN10 is closely related to CHV1 and
CHV2, it has mild or no effects on fungal biological features (Wang
et al., 2013). These ﬁndings suggest that hypoviruses are more
widely distributed and show great diversity among ﬁlamentous
fungi than previously thought.
Although SsHV2/SX247 is phylogenetically related to the pro-
posed genus Alphahypovirus based on its RdRp and Hel domains
(Fig. 2C), the genome organization of SsHV2/SX247 exhibits sig-
niﬁcant differences compared with those of CHV1 and other
members of the family Hypoviridae. First, the genomes of previously
reported hypoviruses range from 9 to 13 kilobases (kb) in size
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(Dawe and Nuss, 2013; Wang et al., 2013; Koloniuk et al., 2014),
whereas the genome size of SsHV2/SX247 is 15 kb and is larger than
that of all other members in family Hypoviridae. To the best of our
knowledge, SsHV2/SX247 also has the largest genome compared to
all of the ssRNA viruses reported from ﬁlamentous fungi. Second,
SsHV2/SX247 has only one putative ORF and encodes a polyprotein,
but CHV1, CHV2, and FgHV1 have two ORFs. Third, an SDD
tripeptide in the RdRp domain has been found to be highly
conserved among hypoviruses, but the ﬁrst amino acid of the
corresponding tripeptide in SsHV2/SX247 was substituted by Gly,
as was observed in FgHV1/HN10 (Fig. 2B). In addition, no other
conserved domains, with the exception of Prot, RdRp and Hel
domains, have been found in the polyprotein of SsHV2/SX247
though searches of several motif databases. Further investigations
are required to determine,with the exception of Prot domain,
whether the ﬁrst 3277 amino acids of SsHV2/SX247 contain some
other conserved domains that have similar biological functions with
the p29 or/and p48 previously reported in CHV1 (Segers et al.,
2007; Shapira and Nuss, 1991; Deng and Nuss, 2008) or other novel
domains. Therefore, SsHV2/SX247 is a new hypovirus closely to
Alphahypovirus, but with a distinct genetic organization; we there-
fore, propose to establish a new genus, namely Gammahypovirus, in
the family Hypoviridae based on the characteristics of SsHV2
described in the present research. Further studies on the molecular
and biological properties of SsHV2/SX247 may expand our knowl-
edge of the ecology and evolution of viruses in family Hypoviridae.
Mixed infections with two or more related or unrelated viruses
are very common, and all of the RNA virus-infected strains have so
far been co-infected with two or more viruses in S. sclerotiorum.
For example, two mitoviruses co-infect a US strain (Xie and
Ghabrial, 2012), three mitoviruses co-infect a New New Zealand
strain (Khalifa and Pearson, 2013), and two unrelated viruses co-
infect the Chinese strains of Ep-1PN or Sunf-M (Xie et al., 2006; Liu
et al., 2009; 2012). Our results show that the hypovirulent strain
SX247 was co-infected by two distinct viruses, SsHV2/SX247 and
SsDRV/SX247. The biological effects of these two viruses on their
fungal hosts were investigated. The results of viral transmission
and protoplast preparation experiments suggested that SsHV2/
SX247 alone likely confers hypovirulence to S. sclerotiorum. More-
over, SsDRV/SX247 was easy to lose from strain SX247 via proto-
plast isolation, which was correspondent with the feature of
SsDRV (Xie et al., 2006), while SsDRV/SX247 is likely to replicate
independently in S. sclerotiorum since a virus which is most closely
related to SsDRV/SX247 was found to replicate in S. sclerotiorum
alone (Songsong Wu et al., unpublished data). Because SsDRV/
SX247-infected but SsHV/SX247-free isolates were not obtained,
we cannot determine whether SsDRV/SX247 alone has an effect on
fungal hypovirulence traits. Although previous studies have shown
that SsDRV was associated with hypovirulence in S. sclerotiorum (Li
et al., 1999; Xie et al., 2006) and that SsDRV/SX247 shares high
sequence identity (81%) with SsDRV/Ep-1PN, the relationship
between SsDRV/SX247 and hypovirulence traits requires further
elucidation through additional biological experiment.
Materials and methods
Strains and cultural conditions
S. sclerotiorum strain SX247 was isolated from a sclerotium
obtained from a diseased rapeseed (Brassica napus) plant in Ankang
County, Shanxi Province, PR China. Ep-1PNA367R was labeled with
a hygromycin-resistance gene (hygromycin B phosphotransferase)
via an Agrobacterium tumefaciens mediated transformation method.
Ep-1PNA367R showed no signiﬁcant differences biological proper-
ties from the parent strain Ep-1PNA367 (Zhang et al., 2009). All
S. sclerotiorum strains were cultured on potato dextrose agar (PDA) at
20–22 1C and stored on PDA slants at 4 1C.
DsRNA extraction and puriﬁcation
Strain SX247 was cultured on PDA plates overlaid with cello-
phane membranes for 3 days, and the mycelia were subsequently
collected and ground to a ﬁne powder in liquid nitrogen. The
dsRNA was extracted with CF-11 cellulose (Sigma-Aldrich, Dorset,
England) chromatography as previously described (Xie et al.,
2006). After digesting with DNase I and S1 nuclease (Takara,
Dalian, China), the dsRNA segments were electrophoresed on 1%
agarose gel, and the nucleic acids were visualized after staining
with ethidium bromide. The separated dsRNA segments were cut
from the agarose gel with a sterilized knife, and puriﬁed using a
gel extraction kit (Axygene Biosciences), and then stored at
20 1C until used.
cDNA synthesis, cloning, sequencing, and phylogenetic analysis
cDNA synthesis and sequencing of dsRNA isolated from strain
SX247 were conducted as previously described (Xie et al., 2011).
The tagged random primers-dN6 (50-CGATCGATC ATGATG-
CAATGCNNNNNN-30) was used for reverse transcription and the
random cDNAs were ampliﬁed using the single speciﬁc primer
pdN6 (50-CGATCGATCATGATGCAATGC-30) based on the tagged
random primer-dN6. The puriﬁed PCR products were ligated into
the pMD18-T vector (Takara) according to the manufacturer's
instructions and sequenced. All of the obtained sequences were
analyzed using the DNAMAN program and the BLASTX program
on the NCBI website. RT-PCR ampliﬁcation was performed to
determine gap sequence between different clones. To obtain the
50 and 30 terminal sequences of the dsRNA, the phosphorylated
50-end oligonucleotide (50-GCATTGCATCATGATCGATCGAATTCTT-
TAGTGAGG GTTAATTGCC-(NH2)-30) was ligated into the strand of
dsRNA. The detailed protocol of terminal cloning was conducted as
the previously described (Xie et al., 2011).
To examine the phylogenetic relationships, sequence align-
ments were analyzed using CLUSTAL-X software. Reference
sequences of viruses were derived from the NCBI database and a
phylogenetic tree was constructed using the neighbor-joining
method of Mega5.1 software. Branch support was determined by
bootstrapping (1000 replicates).
Curing strain SX247 and horizontal transmission of virus
To determine the roles of the two viruses (SsHV2/SX247 and
SsDRV/SX247) in inducing hypovirulence traits of strain SX247,
two approaches (elimination of virus from strain SX247 and virus
horizontal transmission) were applied in this study. To eliminate
the viruses SsHV2/SX247 and SsDRV/SX247 from the strain SX247,
protoplasts of strain SX247 were prepared as previously described
(Zhang et al., 2009). RT-PCR analysis using speciﬁc primers and
agarose gel electrophoresis were used to determine of regenerated
isolates derived from SX247. The characteristics of the regenerated
isolates were further tested for hypovirulence traits.
To elucidate whether hypovirulence traits and viruses are co-
transmitted horizontally between different strains of S. sclerotiorum,
the virus-free strain Ep-1PNA367R was dual-cultured with the hypo-
virulent strain SX247. After the colony margin of strains SX247 and
Ep-1PNA367R contact each other, mycelial plugs of Ep-1PNA367R were
cut from the far side of strain SX247 and transferred onto a fresh PDA
plate containing hygromycin B at a concentration of 50 μg/ml. All the
new hygromycin-resistant isolates were puriﬁed by a minimum of
5 rounds via hyphal-tip isolation on hygromycin PDA, and ﬁnally
mycelial plugs were taken from the new colonies and transferred into
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fresh PDA plates without hygromycin. All of the subcultures of
Ep-1PNA367R after contacting strain SX247 were analyzed by RT-
PCR with speciﬁc primers and dsRNA extraction methods. The
characteristics of the subcultures of Ep-1PNA367R were further tested
for hypovirulence traits. The speciﬁc primers (SsHV2F: 50-CTCCAAGG-
CAGCACCATCTCG-3' and SsHV2R: 5'-CAAACCAAAGGTGACGAAAGG-
GAG-30) were used for the virus SsHV2/SX247, speciﬁc primers
(SsDRV2F: 50-AAGAAGTTGTCAAGGACGGATGG-30 and SsDRV2R:
50-AGTTCTGCGGAAAAGGAAAAGTG-30) were used for virus SsDRV2/
SX247, and speciﬁc primers (actin-qF2: 50-GAGCTGTTTTCCCTTC-
CATTGTC-30 and actin-qR4: 50-GACGACACCGTGCTCGATTGG-30) were
used for actin gene as a control (Sexton et al., 2009). To eliminate the
possibility of heterokaryons in horizontal transmission assay, micro-
satellites markers ampliﬁcation of S. sclerotiorum strain Ep-1PNA367,
SX247 and their derivatives were conducted as previously reported
(Sirjusingh and Kohn, 2001).
Comparison of biological features of strain SX247 and its derivatives
Colony morphology, growth rates, and virulence of strain
SX247 and its derivatives were assayed as previously described
(Zhang et al., 2009).
Statistical analysis
Experimental data were subjected to analysis of variance using
the SAS 8.0 program. The treatment means were compared using
the least signiﬁcant difference test at the P¼0.05 level.
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